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Polymer  electrolyte  membrane-based  direct  formic  acid  fuel  cells  (DFAFC)  have  been  investigated  for  about 
a  decade,  and  are  now  becoming  an  important  area  of  portable  power  system  research.  DFAFCs  have  the 
advantages  of  high  electromotive  force  (theoretical  open  circuit  potential  1.48  V),  limited  fuel  crossover, 
and  reasonable  power  densities  at  low  temperatures.  This  paper  provides  a  review  of  recent  advances 
in  DFAFCs,  mainly  focussing  on  the  anodic  catalysts  for  the  electro-oxidation  of  formic  acid.  The  funda¬ 
mental  DFAFC  chemistry,  formic  acid  crossover  through  Nation®  membranes,  and  DFAFC  configuration 
development  are  also  presented. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Polymer  electrolyte  membrane  (PEM)-based  fuel  cells  are  gener¬ 
ally  considered  as  viable  candidates  to  replace  batteries  in  portable 
power  devices.  Traditionally,  IT2-fed  PEMFCs  and  direct  methanol 
fuel  cells  (DMFCs)  are  the  dominant  choices  [1-9].  However,  despite 
many  years  of  intensive  research  into  these  technologies,  inherent 
limitations  still  remain. 

The  H2-PEMFC  is  limited  by  the  high  cost  of  miniaturized  hydro¬ 
gen  containers,  the  potential  dangers  in  the  transport  and  use  of 
hydrogen,  and  its  low  gas-phase  energy  density.  For  DMFCs,  liq¬ 
uid  methanol  has  an  impressive  energy  density  (approximately 
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4900  Wh  L-1 ),  but  its  electrocatalytic  oxidation  rate  is  very  low  rel¬ 
ative  to  that  of  H2.  The  limited  compatibility  of  methanol  with 
Nation®  membranes  allows  only  low  concentrations  (generally 
1-2  M)  to  be  fed  to  a  DMFC  [3,10,11].  Exceeding  this  limit  leads 
to  a  high  rate  of  fuel  crossover,  which  simultaneously  reduces  fuel 
utilization  and  decreases  cell  performance.  In  addition,  the  inher¬ 
ent  toxicity  of  methanol,  particularly  in  the  vapor  phase,  remains 
an  issue  for  commercialization  of  DMFC  technology  [9].  It  is  these 
limitations  of  hydrogen  and  methanol  that  have  in  recent  years 
increased  interest  in  direct  formic  acid  fuel  cells  (DFAFCs)  [12-38]. 

Formic  acid  is  a  liquid  at  room  temperature  and  dilute  formic 
acid  is  on  the  US  Food  and  Drug  Administration  list  of  food  addi¬ 
tives  that  are  generally  recognized  as  safe  [20].  Formic  acid  exhibits 
a  smaller  crossover  flux  through  Nation®  than  methanol  [16,19], 
allowing  the  use  of  highly  concentrated  fuel  solutions  and  thinner 
membranes  in  DFAFCs.  DFAFCs  also  have  a  higher  electromotive 
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force  (EMF),  as  calculated  from  the  Gibbs  free  energy,  than  either 
hydrogen  or  direct  methanol  fuel  cells  [9]. 

In  only  a  few  years  of  research,  DFAFC  technology  has  shown 
electrocatalytic  oxidation  activity  far  superior  to  DMFCs  and  in 
some  cases  performances  approaching  those  of  H2-PEM  fuel  cells 
[22].  The  major  disadvantage  of  formic  acid  as  a  fuel  is  that  its  volu¬ 
metric  energy  density  is  only  2104  Wh  L-1 ,  considerably  lower  than 
that  of  neat  methanol.  Flowever,  this  disadvantage  can  be  compen¬ 
sated  for  by  using  a  high  concentration  of  formic  acid.  Thus,  for 
many  systems,  especially  smaller  power  systems,  the  advantages 
of  DFAFC  can  outweigh  those  of  its  primary  direct-liquid  fuel  cell 
contender,  the  DMFC. 

In  this  review,  recent  advances  in  DFAFC  research  are  reviewed, 
with  a  focus  on  progresses  that  has  been  made  on  catalysts  for 
formic  acid  electro-oxidation.  The  fundamental  DFAFC  chemistry, 
formic  acid  crossover  through  Nation®  membranes,  and  DFAFC  con¬ 
figuration  development  are  also  discussed. 

2.  Fundamentals  of  DFAFC  chemistry  and  the  mechanism 
of  electro-oxidation  of  formic  acid 

As  with  all  polymer  electrolyte  membrane-based  fuel  cells, 
the  direct  formic  acid  fuel  cell  also  uses  an  air  cathode.  Oxygen 
reduction,  through  a  4-electron  reaction  at  the  cathode,  is  usu¬ 
ally  facilitated  by  a  platinum  based  catalyst.  At  the  anode,  direct 
oxidation  of  formic  acid  releases  two  electrons  per  molecule.  The 
cathode,  anode  and  overall  reactions  of  a  direct  formic  acid  fuel  cell 
are  described  as: 

Anode  :  HCOOH  C02  +  2H+  +  2e“ , 

E° - 0.25  V(vs. SHE)  (1) 


Cathode  :  1  /202  +  2H+  +  2e~  -+  H20, 

E°=  1.23V(vs.SHE)  (2) 


Overall  :  HCOOH  +  l/202  -*  C02  +H20,  OCV  ~  1.48  V 

(3) 

The  direct  formic  acid  fuel  cell  has  a  higher  electromotive  force 
(EMF)  (open  circuit  voltage  (OCV)  ~  1.48  V;  values  varies  slightly 
depending  on  the  source  [e.g.  9,13,39])  than  either  hydrogen  or 
direct  methanol  fuel  cells.  The  theoretical  energy  density  of  formic 
acid  is  determined  as:  2Fx  OCV  x  (MW)-1.  From  the  molecular 
weight  MW  (kg  mol-1),  open  circuit  potential  OCV  (V)  and  the 
Faraday  constant  (F=  96,485  C  mol-1),  formic  acid  has  the  intrin¬ 
sic  energy  density  of  1725  Wh  kg-1 .  Considering  the  density  of  this 
liquid  (1.22  kg  L-1),  the  theoretical  energy  density  of  formic  acid 
can  also  be  expressed  as  2104WhL-1. 

Whereas  the  direct  formic  acid  fuel  cell  has  been  investigated 
for  only  about  12  years  (use  of  formic  acid  as  the  fuel  for  a  PEM 
fuel  cell  was  first  reported  in  1996  in  Ref.  [12]),  the  investigation  of 
the  mechanism  of  formic  acid  oxidation  has  a  much  longer  history 
[40-48].  The  most  commonly  accepted  mechanism  is  the  so-called 
‘parallel  or  dual  pathway  mechanism’  [47].  Direct  oxidation  (path¬ 
way  1 )  occurs  via  a  dehydrogenation  reaction,  without  forming  CO 
as  a  reaction  intermediate: 

Pathwayl  :  HCOOH  ->  C02  +  2H+  +  2e-  (4) 

The  second  reaction  pathway  (pathway  2)  forms  adsorbed  car¬ 
bon  monoxide  (CO)  as  a  reaction  intermediate  by  dehydration: 

Pathway  2  :  HCOOH  -*  -COads  +  H20  -*  C02  +  2H+  +  2e"  (5) 


Fig.  1.  Polarization  curves  for  methanol  and  formic  acid  oxidation  at  Pt-black  and 
Pt/Ru  anodes.  Cell  operating  conditions  were:  anode  catalyst  loading:  4  mg  cm-2, 
water/fuel  mole  ratio:  2,  feed  rate:  0.26  ml  min-1 ;  cathode:  Pt-black,  4  mg  cm-2,  air 
feed  rate:  10  ml  min-1 ;  electrolyte:  PBI  membrane  doped  with  H3P04;  temperature: 
170  °C  [12].  Reproduced  by  permission  of  The  Electrochemical  Society. 

In  reaction  pathway  2,  formic  acid  first  adsorbs  onto  the  catalyst 
surface  forming  an  intermediate  adsorbed  CO  species,  which  is  then 
oxidized  to  the  gaseous  C02  end  product.  For  direct  formic  acid  fuel 
cells,  dehydrogenation  is  the  desired  reaction  pathway,  to  enhance 
overall  cell  efficiency  and  avoid  poisoning  of  the  catalyst.  Anode 
catalyst  selection  is  pivotal  in  directing  formic  acid  oxidation  to 
proceed  via  reaction  pathway  1. 

3.  Anode  catalysts  for  electro-oxidation  of  formic  acid 

3.1  Unsupported  Pt-based  catalysts 

In  the  early  stages  of  DFAFC  development,  Pt-based  catalysts 
were  employed  in  the  anode  layer.  In  the  first  report  of  a  DFAFC 
[12],  Weber  et  al.  found  that  formic  acid  was  electrochemically 
more  active  than  methanol  on  both  Pt-black  and  Pt/Ru  catalysts. 
In  addition,  the  Pt/Ru  catalyst  was  more  active  than  Pt-black  for 
formic  acid  oxidation.  The  results  are  summarized  in  Fig.  1  [12]. 
Despite  the  significance  of  these  results,  there  were  surprisingly 
no  further  reports  on  DFAFCs  until  2002,  although  interest  in  the 
fundamentals  of  formic  acid  electro-oxidation  continued  [47,48]. 

In  2002,  a  group  of  researchers  at  the  University  of  Illinois  again 
reported  that  formic  acid  is  an  excellent  fuel  for  a  fuel  cell,  and  that 
formic  acid  fuel  cells  were  attractive  alternatives  for  small  portable 
applications  [13].  They  used  a  proprietary  Pt-based  catalyst  named 
as  ‘UIUC-B’  in  the  anode  layer  to  enhance  the  electro-oxidation  of 
formic  acid  [13,14].  Currents  up  to  134  mA  cm-2  and  power  out¬ 
puts  up  to  48.8  mW  cm-2  were  obtained  with  their  first  DFAFC 
demonstration  [13]. 

Following  their  successful  implementation  in  the  first  DFAFC 
systems,  Pt-based  catalysts  have  been  widely  studied,  and  continue 
to  be  an  important  aspect  of  DFAFC  anode  catalyst  research.  Pt-M 
(M  =  a  second  metal  other  than  platinum)  bimetallic  catalysts  have 
been  increasingly  developed  for  DFAFCs  [15,29,35,36,49].  Addition 
of  a  second  metal  not  only  reduces  the  use  of  platinum,  but  can 
also  enhance  the  activity  of  the  catalysts  for  the  oxidation  of  formic 
acid.  Pt/Ru,  Pt/Pd,  Pt/Au  and  Pt/Pb  have  recently  been  probed  as  the 
anode  catalysts  in  DFAFCs,  and  the  effects  of  Ru,  Pd,  Au,  Pb  on  the 
catalytic  activities  have  accordingly  been  examined.  Waszczuk  et 
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Fig.  2.  Constant  voltage  tests  on  a  DFAFC  at  cell  potentials  of  (a)  0.5  V  and  (b)  0.4  V.  Catalysts:  platinum  black,  Pt/Ru,  and  Pt/Pd;  fuel:  5  M  formic  acid  at  0.2  ml  min-1 ;  cell 
temperature:  30 °C.  Reprinted  from  [15]  with  permission  from  Elsevier. 


al.  [49]  synthesized  a  series  of  Pt-based  catalysts  by  spontaneous 
deposition  of  Pd  and/or  Ru  to  decorate  platinum  nanoparticles.  Dec¬ 
oration  of  the  Pt  surface  with  Pd  provided  the  greatest  increase  in 
activity.  Rice  et  al.  [15]  investigated  these  Ru  and  Pd  decorated  Pt 
catalysts  in  more  detail,  and  a  representative  comparison  of  the 
DFAFC  performances  of  the  Pt-black,  Pt/Ru  and  Pt/Pd  catalysts  is 
illustrated  in  Fig.  2  and  in  Table  1 .  Both  Ru  and  Pd  were  found  to  sig¬ 
nificantly  enhance  the  catalytic  activity,  with  Pt/Pd  providing  the 
best  performance  at  high  cell  potentials.  Pt/Ru  provided  the  best 
maximum  power  density  of  70mWcm-2,  but  this  was  at  a  very 
low  cell  potential  of  0.26  V.  The  rate  of  current  decay  also  varied 
between  catalysts,  with  Pt/Ru  showing  the  fastest  decay  while  the 
current  at  Pt/Pd  became  quite  stable  after  an  initial  rapid  decay. 
From  a  fundamental  point  of  view,  Rice  et  al.  [15]  proposed  that 
addition  of  palladium  to  platinum  enhanced  the  electro-oxidation 
rate  of  formic  acid  via  a  direct  reaction  mechanism  (dehydrogena¬ 
tion  pathway).  This  was  studied  further  by  Thomas  and  Masel  [50], 
who  showed  that  the  energy  barrier  for  decomposition  of  formic 
acid  to  C02  decreases  with  increasing  palladium  coverage.  In  con¬ 
trast,  addition  of  ruthenium  appears  to  suppress  the  direct  pathway 
and  enhance  the  electro-oxidation  of  formic  acid  via  a  reactive  CO 
intermediate  (dehydration  pathway)  [15].  Thomas  and  Masel  [50] 
found  that  there  were  no  synergistic  effects  between  platinum  and 
palladium  in  a  bimetallic  Pt/Pd  catalyst  with  respect  to  formic  acid 
oxidation  activity,  and  suggested  that  the  improved  activity  was 
due  to  resistance  to  poisoning. 

Choi  et  al.  [29]  studied  an  unsupported  Pt-Au  alloy  prepared  by 
borohydride  reduction  as  an  anode  catalyst  for  formic  acid  oxida¬ 
tion  in  a  DFAFC.  From  their  study,  compared  with  Pt-Ru,  the  Pt-Au 
catalyst  showed  a  higher  catalytic  activity,  as  illustrated  in  Fig.  3. 
Moreover,  the  improved  cell  performance  with  the  Pt-Au  catalyst 
was  also  maintain  during  long-term  operation  of  the  cell.  These 
authors  proposed  that  the  oxidation  of  formic  acid  on  a  Pt-Au  cat- 


Table  1 

Current  density  and  power  density  comparison  for  DFAFCs  with  Pt,  Pt-Ru  and  Pt-Pd 
anode  catalysts  running  at  voltages  of  0.4  and  0.5  V  [15] 


Current  density  (mAcm-2) 

Power  density  (mW cm-2) 

0.4  V 

0.5  V 

0.4  V 

0.5  V 

Pt 

37.44 

22.02 

15.69 

10.30 

Pt-Ru 

60.61 

35.14 

25.40 

16.44 

Pt-Pd 

67.32 

46.39 

28.24 

21.71 

alyst  occurs  mainly  through  the  direct  dehydrogenation  pathway, 
without  significant  formation  of  adsorbed  CO  [29]. 

A  variety  of  intermetallic  phases  of  Pt  with  Bi,  Pb,  In,  Sn,  Mn 
and  Sb  have  been  evaluated  for  formic  acid  oxidation,  with  PtBi, 
PtBi2,  PtPb,  and  Ptln  being  identified  as  the  most  promising  can¬ 
didates  [51].  Surface  treatment  methods  to  improve  the  activities 
of  PtBi  and  PtPb  have  been  investigated  [52],  and  methods  for  the 
synthesis  of  PtPb  nanoparticles  have  been  developed  and  compared 
[53,54].  A  study  of  a  Pt-Bi  alloy  produced  by  induction  melting  [55] 
revealed  the  importance  of  dissolution  and  underpotential  deposi¬ 
tion  (upd)  of  Bi  atoms  at  the  surface,  as  well  as  the  formation  of  Bi 
oxides.  Surface  modification  of  PtRu  with  irreversibly  adsorbed  Bi 
atoms  increases  its  activity  for  formic  acid  oxidation,  apparently  by 
hindering  CO  adsorption  on  Pt  sites  [56]. 

Bimetallic  PtPb  prepared  by  arc-melting  has  been  shown  to 
provide  much  higher  and  more  stable  (over  1000  s)  formic  acid  oxi¬ 
dation  activity  than  Pt  [57].  PtPb  nanoparticle  catalysts  also  show 
high  activity  for  formic  acid  oxidation  and  more  stable  performance 
(over  9  h)  than  Pt,  PtRu,  and  Pd  [58]. 

The  enhancement  of  formic  acid  oxidation  by  Bi  (and  As)  has 
been  attributed  to  the  so-called  ‘third-body  effect’  in  which  the 
addition  of  a  second  element  (third-body)  to  Pt  reduces  the  number 
of  adsorption  sites  for  CO  due  to  geometrical  hindrance  and  their 
surface  is  poisoned  by  the  adsorbed  CO  to  a  lesser  extent  than  a 
pure  Pt  surface  [59].  In  contrast,  the  activity  enhancement  of  Pt-Pb 
for  formic  acid  oxidation  has  been  attributed  to  an  electronic  inter¬ 
action  between  Pb  and  Pt  [60].  The  high  catalytic  activity  for  a  Bi 
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Fig.  3.  Single  cell  performances  of  PtAu-based  and  PtRu-based  MEAs  with  6  M 
formic  acid  and  oxygen  at  30  °C.  Reprinted  from  [29]  with  permission  from  Elsevier. 
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Fig.  4.  Polarization  curves  for  a  DFAFC  before  and  after  adsorption  of  FeTSPc  on  the 
anode.  Specific  current  density  is  ‘current  density/Pt  loading’.  The  cell  was  oper¬ 
ated  at  60  °C  and  atmospheric  pressure  with  6M  formic  acid.  Anode:  Pt  loading 
0.5  mg  cm-2,  fuel  flowrate  1.0  ml  min-1;  cathode:  Pt  loading  1.5  mg  cm-2, 100  seem 
of  dry  oxygen.  Reprinted  from  [35]  with  permission  from  Elsevier. 


Fig.  5.  Power  density  curves  for  fuel  cells  fed  with  1  M  methanol,  3  M  formic  acid  and 
hydrogen  gas.  Flow  rates  of  methanol,  formic  acid  and  hydrogen  were  1  ml  min-1, 
3.5  ml  min-1  and  200  seem,  respectively.  Dry  air  was  supplied  to  the  cathode  at  a 
flow  rate  of  390  seem.  The  cell  operation  temperature  was  30  °C.  Anodic  catalysts 
used  in  the  cell  are  indicated,  while  a  Pt-black  catalyst  was  used  for  cathode  [20]. 
Copyright  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA.  Reproduced  with  permission. 


modified  Pt  catalyst  has  also  been  explained  by  electronic  effects 
working  in  addition  to  a  ‘third-body  effect’  [61  ]. 

The  fundamental  mechanism  of  formic  acid  oxidation  remains 
an  important  and  challenging  topic,  and  has  been  intensively 
studied  by  employing  Pt  single  crystals  modified  with  up  to  a  mono- 
layer  of  a  second  metal.  Arenz  et  al.  [62,63]  have  investigated  the 
Pt(l  1 1)-Pd  system  in  detail  as  well  as  Pt-Pd  alloy  single  crystals. 
Pd  atoms  at  the  surface  were  found  to  be  3-5  times  more  active 
than  Pt  atoms  at  0.4  V.  FTIR  revealed  that  CO  adsorbed  on  the  Pt 
sites,  but  not  the  Pd  sites.  Macia  et  al.  [61  ]  have  studied  the  effects 
of  Bi  adlayers  on  formic  acid  oxidation  at  stationary  and  rotating 
Pt( 111)  electrodes.  Activity  increased  with  increasing  Bi  cover¬ 
age  up  to  0.1-0.25  of  a  monolayer,  depending  on  the  formic  acid 
concentration.  Current-time  transients  indicated  that  no  poison¬ 
ing  occurred  for  the  modified  electrodes.  It  was  proposed  that  the 
reaction  proceeds  through  adsorbed  formate  as  an  intermediate 
without  significant  accumulation  of  adsorbed  CO. 

A  Pt4Mo  alloy  has  also  been  shown  to  possess  high  activity  for 
formic  acid  oxidation  [64].  The  formation  of  a  hydrous  Mo  oxide 
on  the  surface  was  found  to  decrease  poisoning  by  absorbed  CO, 
and  may  also  increase  the  rate  of  the  direct  pathway  for  formic  acid 
oxidation. 

From  a  theoretical  point  of  view,  Demirci  [65]  has  predicted 
that  the  Pt-Ag  bimetallic  system  might  be  a  promising  catalyst  for 
DFAFCs,  but  there  have  not  yet  been  any  experimental  studies  to 
investigate  this  hypothesis. 

Recently,  an  interesting  Pt-FeTSPc  (tetrasulfophthalocyanine) 
co-catalyst  for  the  electro-oxidation  of  formic  acid  was  developed 
[35].  The  enhancement  of  cell  performance  by  using  the  FeTSPc 
modified  Pt  catalyst  is  shown  in  Fig.  4.  The  authors  proposed  that 
the  enhanced  activity  with  the  FeTSPc  was  due  to  a  combination 
steric  hindrance  inhibiting  the  formation  of  adsorbed  CO,  and  an 


intrinsic  kinetic  enhancement  due  to  electron  donation  by  the  FeT¬ 
SPc  [35]. 

3.2.  Unsupported  Pd-based  catalysts 

Electro-oxidation  of  formic  acid  on  Pd  catalysts  has  been  exten¬ 
sively  studied  [41,66-69].  Use  of  pure  Pd  as  the  anode  catalyst  in 
DFAFCs  was  first  reported  by  Fla  et  al.  [20].  Compared  with  Pt-based 
catalysts,  the  Pd-black  generated  unusually  high  power  densities  at 
ambient  (22  °C)  and  higher  (30-50  °C)  temperatures.  A  representa¬ 
tive  comparison  between  Pd  black,  Pd-Au,  and  Pt-Ru  is  shown  in 
Fig.  5.  Ha  et  al.  [20]  found  that  the  activity  of  the  Pd  black  cat¬ 
alyst  decreased  with  the  cell  operation  time,  with  a  consequent 
loss  of  DFAFC  performance.  However,  the  lost  activity  could  largely 
be  recovered  by  applying  a  high  anodic  potential.  The  same  group 
also  studied  the  effects  of  operating  temperature  and  formic  acid 
concentration  on  the  performances  of  a  DFAFC  with  a  Pd  anode,  a 
DFAFC  with  a  Pt-Ru  anode,  a  DMFC  (direct  methanol  fuel  cell)  with  a 
Pt-Ru  anode  and  a  H2/air  fuel  cell  [22].  The  results  are  summarized 
in  Table  2.  The  DFAFC  with  the  Pd  anode  catalyst  not  only  gener¬ 
ated  much  higher  power  density  than  either  the  DFAFC  or  DMFC 
using  the  Pt-Ru  catalyst,  but  also  approached  the  performance  of 
the  hydrogen-PEM  fuel  cell.  Deactivation  of  the  Pd  catalyst  was 
a  problem  for  the  DFAFCs,  particularly  when  operated  with  high 
formic  acid  concentrations,  but  again  it  was  found  that  the  initial 
cell  performance  could  be  recovered  by  applying  a  potential  of  1.2  V 
to  the  anode  for  a  few  seconds  [22]. 

The  deactivation  of  Pd  black  during  formic  acid  oxidation  in  a 
DFAFC  has  recently  been  investigated  by  impedance  spectroscopy 
[70].  The  anode  Nyquist  plots  consisted  of  irregular  arcs  indicating 
that  several  processes  contributed  to  the  impedance.  The  width  of 
the  arcs  increased  during  deactivation  and  this  was  attributed  to  an 


Table  2 

Comparison  of  power  densities  for  different  types  of  fuel  cell,  and  power  densities  of  DFAFCs  under  different  operating  conditions  [22] 
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Table  3 

Recent  syntheses  of  Pd/C  and  Pd-M/C  catalysts  with  impregnation  methodologies 


Catalyst 

Precursor 

Reducing  agent 

Additive 

Reference 

Pd/C 

PdCl2 

NaBH4 

- 

[21,73] 

Pd/C 

PdCl2 

Ethylene  glycol 

- 

[26] 

Pd/C 

PdCl2 

NaBH4 

H3BO3,  nh4f 

[27] 

Pd-Pt/C 

H2PtCl6,(NH4)2PdCl6 

Methanol 

SB12* 

[74] 

Pd-P/C 

PdCl2,  NaH2P02 

NaBH4 

H3BO3,  NH4F 

[28] 

SB12*:  3-(N,N-dimethyldodecylammonio)propanesulfonate. 


increasing  charge  transfer  resistance.  The  charge  transfer  resistance 
also  increased  with  increasing  concentration  of  formic  acid.  It  was 
speculated  that  poisoning  of  the  anode  with  an  unknown,  non-CO, 
organic  species  occurred  during  deactivation. 

The  poisoning  of  DFAFC  catalyst  by  impurities  in  the  fuel  has 
been  documented  in  a  recent  UK  patent  and  US  patent  application 
[71  ].  Methyl  formate  and  acetic  acid  where  shown  to  produce  signif¬ 
icantly  enhanced  degradation  rates  at  concentrations  above  10  and 
1000  ppm,  respectively.  A  method  based  on  freezing  the  best  com¬ 
mercial  formic  acid  is  described  for  producing  a  “preferred  fuel”. 

3.3.  Carbon-supported  Pt-based  and  Pd-based  catalysts 

The  attractive  features  of  high  electrical  conductivity,  chemi¬ 
cal  stability  and  low  cost  have  led  to  the  extensive  application  of 
high  surface-area  carbon  materials  as  supports  for  precious  metal 
fuel  cell  catalysts,  in  order  to  reduce  the  noble  metal  loading  and 
reduce  the  system  cost  [72].  Lovic  et  al.  [39]  demonstrated  that  the 
kinetics  of  formic  acid  oxidation  on  Pt/C  catalysts  were  consistent 
with  those  on  pure  platinum,  with  the  reaction  occurring  via  the 
dual  pathway  mechanism  comprising  direct  dehydrogenation  of 
HCOOFI  as  the  main  reaction  and  formation  of  poisoning  species  as 
a  parallel  reaction. 


Fig.  6.  Power  density  plots  (a)  per  membrane  surface  area  and  (b)  per  total  catalyst 
mass,  for  a  direct  formic  acid  fuel  cell  with  various  Pd  anode  catalysts  operating 
with  dry  air  at  30 °C  with  5M  formic  acid.  Reprinted  from  [73]  with  permission 
from  Elsevier. 


Carbon  supported  palladium  catalysts  have  become  a  very 
important  area  in  DFAFC  catalyst  research  in  recent  years 
[21,26-28,73,74],  demonstrating  good  activity  along  with  the 
potential  for  more  efficient  palladium  metal  utilization  and  lower 
metal  loadings.  Pd/C  or  Pd-M/C  (M  =  a  second  metal  other  than  Pd) 
catalysts  are  generally  obtained  through  chemical  solution  phase 
impregnation  syntheses.  Recent  advances  in  Pd/C  and  Pd-M/C  cat¬ 
alyst  syntheses  are  summarized  in  Table  3. 

Fla  et  al.  [21  ]  successfully  synthesized  finely  dispersed  Pd  parti¬ 
cles  on  a  Vulcan  XC-72®  carbon  support,  with  palladium  loadings 
of  20  and  40wt%.  Using  these  two  Pd/C  catalysts,  DFAFCs  gener¬ 
ated  a  maximum  power  density  of  145  mWcm-2  (with  20%  Pd/C) 
and  172mWcm-2  (with  40%  Pd/C),  as  summarized  in  Fig.  6a  [73]. 
Results  for  the  carbon-supported  catalysts  were  compared  with 
those  for  pure  palladium  in  a  DFAFC.  Although  the  total  power 
density  generated  by  the  20%  Pd/C  catalyst  was  lower,  the  power 
density  per  unit  mass  of  noble  metal  was  much  higher  than  for  the 
Pd  black  catalyst,  as  summarized  in  Fig.  6b.  In  addition  to  the  bene¬ 
fits  of  higher  palladium  utilization  efficiency,  it  was  also  found  that 
the  Pd/C  catalysts  showed  less  deactivation  than  for  pure  palladium 
during  operation  of  the  cell,  especially  for  high  concentrations  of 
formic  acid  [21].  Larsen  et  al.  [73]  reported  that  the  addition  of  gold 
to  Pd/C  can  further  improve  the  activity  of  the  catalyst,  and  these 
results  are  also  summarized  in  Fig.  6. 

Liu  et  al.  [26]  synthesized  a  Pd/C  catalyst  by  a  microwave- 
assisted  polyol  process,  and  this  was  reported  to  yield  a  high  power 
density  in  a  DFAFC.  Fig.  7  shows  a  representative  performance 
comparison  between  single  DFAFC  cells  prepared  with  the  Pt/C 


Current  density,  mA/cm2 


Current  density,  mA/cm2 

Fig.  7.  Output  power  densities  for  a  single  cell  operating  at  (a)  25  °C  and  (b)  50  °C. 
Anode:  Pt/C  or  Pd/C  (8  mg  cm-2),  3M  HCOOH,  2  ml  min-1.  Cathode:  Pt/C  (E-TEK) 
(4  mg  cm-2),  O2  500  cm3  min-1.  Reprinted  from  [26]  with  permission  from  Elsevier. 
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Fig.  8.  Chronoamperometric  curves  for  oxidation  of  0.5  M  HCOOH  in  0.5  M  H2S04  solution  on  various  Pd/C  catalyst  electrodes,  (a)  Comparison  of  Pd/C  catalysts  prepared 
with  or  without  NH4F,  H3BO3  additives.  Fixed  potential:  0.10  V  [27];  (b)  comparison  of  Pd/C  and  Pd-P/C  catalyst  electrodes.  Fixed  potential:  0.3  V  [28].  Reprinted  from  [27,28] 
with  permission  from  Elsevier. 


and  Pd/C  catalysts  synthesized  by  this  microwave-assisted  process 
[26]. 

Zhang  et  al.  [27]  reported  an  aqueous  solution  phase  synthesis 
of  a  Pd/C  catalyst  with  NH4F  and  H3BO3  as  additives.  NH4F  forms 
a  complex  with  PdCl2  and  this  promotes  the  formation  of  finely 
dispersed  Pd  particles  with  smaller  average  sizes  (3.2  nm)  and  rel¬ 
atively  less  crystallinity.  Consequently,  the  catalytic  activity  and 
stability  of  the  Pd/C  catalyst  synthesized  in  the  presence  of  NFI4F 
were  enhanced.  A  representative  result  is  shown  in  Fig.  8a.  Zhang 
et  al.  [28]  also  reported  a  Pd-P/C  catalyst  prepared  via  a  solution 
phase  synthesis  with  NaH2P02  as  a  co-precursor.  Combining  palla¬ 
dium  with  the  non-metal  element  phosphorus  improved  both  the 
activity  and  stability  of  the  catalyst  as  illustrated  in  Fig.  8b. 

Li  and  Hsing  [74]  developed  a  novel  synthesis  method  for 
a  carbon  supported  Pd-Pt  catalyst  using  the  surfactant  3- 
(N,N-dimethyldodecylammonio)propanesulfonate  (SB12)  as  the 
stabilizer.  Compared  with  a  commercial  (E-TEK)  Pt0.5Pdo  5/C  cat¬ 
alyst,  the  SB12  stabilized  Pt-Pd/C  catalysts  have  the  advantages  of 
better  Pt-Pd  dispersion  and  higher  catalytic  performance  [74]. 

Uhm  et  al.  [36]  studied  Pt-Pb  catalysts  obtained  by  modifying 
supported  platinum  electrodes  with  upd  lead.  The  Pt-Pbupci  cata¬ 
lysts  showed  higher  electrocatalytic  activities  than  pure  platinum 
or  Pt-Ru  catalysts.  Furthermore,  a  Pt/Pbupd/Pt  multi-layer  anode 
structure  was  shown  to  provide  an  enhanced  cell  performance 
that  was  stable  over  a  5h  period  of  evaluation  [36].  Pt  modified 
Au  nanoparticles  supported  on  carbon  have  also  been  found  to  be 
effective  for  formic  acid  oxidation  [75]. 

3.4.  Other  supporting  tactics  for  Pt-based  and  Pd-based  catalysts 

In  addition  to  carbon,  preparation  of  platinum  or  palla¬ 
dium  based  catalysts  on  other  supporting  substrates  has  also 
been  recently  reported.  Yi  et  al.  [76]  developed  a  novel 
titanium-supported  nanoporous  bimetallic  Pt-Ir/Ti  catalyst  by  a 
hydrothermal  process,  and  with  H2PtCl6  and  IrCl3  as  the  precursors, 
and  formaldehyde  as  the  reduction  agent.  Compared  to  pure  plat¬ 
inum,  the  titanium-supported  Pt-Ir  catalysts  have  a  significantly 
higher  catalytic  activity  for  formic  acid  oxidation.  The  authors 
proposed  that  electro-oxidation  of  formic  acid  on  Pt-Ir  catalysts 
followed  the  dehydration  pathway  via  a  ‘CO’  intermediate. 

Highly  active  palladium  based  catalysts  tend  to  be  passivated 
under  DFAFC  conditions,  which  leads  to  a  decay  of  the  DFAFC  per¬ 
formance  with  the  cell  operation  time.  In  order  to  obtain  highly 
stable  palladium  catalysts,  Larsen  et  al.  [77]  studied  the  stability 
of  palladium  deposited  as  a  sub-monolayer  on  various  metal  foil 
supports  such  as  V,  Mo,  W,  and  Au.  Among  the  metal  foil  supported 
catalysts,  Pd-V  has  the  best  stability,  as  summarized  in  Fig.  9.  In  the 


Fig.  9.  Chronoamperometric  activity  of  Pd-M  catalysts  at  0.3  V  vs.  RHE,  (a)  per  mass 
of  Pd;  (b)  per  surface  area  with  0Pd  =  0.6  (M  =  Ti,  Zr,  Hf,  V,  Nb,  Ta,  Cr,  Mo,  W,  Au).  The 
/-t  curves  were  measured  in  a  solution  containing  5  M  HCOOH  and  0.1  M  H2S04  [77]. 
Reproduced  by  permission  of  The  Electrochemical  Society. 

authors’  opinion,  the  results  obtained  for  these  Pd/metal  foil  cata¬ 
lysts  provide  important  information  for  the  development  of  highly 
stable  palladium  based  catalysts  by  alloying  a  second  metal  phase, 
such  as  vanadium. 

4.  Crossover  of  formic  acid  through  Nafion®  membranes 

For  any  type  of  PEM-based  fuel  cell,  the  fuel  fed  to  the  negative 
electrode  (anode)  can  permeate  the  membrane  to  the  positive  elec¬ 
trode  (cathode).  This  phenomenon  reduces  fuel  utilization,  results 
in  a  detrimental  mixed  potential,  competes  for  and  potentially  poi¬ 
sons  the  cathode  catalyst  and  thereby  decreases  the  efficiency  of 
the  oxygen  reduction  reaction  [78,79].  For  liquid  fuels  it  can  also 
cause  flooding  of  the  cathode  catalyst  layer  [79]. 

One  of  the  claimed  advantages  of  formic  acid  for  use  in  PEM 
fuel  cells  is  low  crossover  through  Nafion®  membranes.  However, 
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Table  4 

Fluxes  (10-8  mol  cm-2  s)  of  formic  acid  through  Nation®  membranes  [16] 


Formic  acid  concentration  (M) 

1 

5 

10 

20 

Nafion®  117 

2.03  ±  0.07 

12.3  ±  0.3 

18.6  ±  1.1 

17.0  ±  1.2 

Nafion®  112 

5.49  ±  9.37 

40.6  ±  4.0 

45.7  ±  3.9 

34.7  ±  2.6 

fluxes  (mol  cm-2  s-1)  are  compared,  the  difference  is  only  a  fac¬ 
tor  of  two  [19,33]  or  less  [80],  because  oxidation  of  formic  acid 
to  CO2  requires  only  two  electrons  while  oxidation  of  methanol 
requires  six  electrons.  This  is  contrary  to  Rhee  et  al.’s  [16]  orig¬ 
inal  report  of  a  two  order  of  magnitude  difference  because  they 
used  an  inaccurate  crossover  value  for  methanol  in  their  compari¬ 
son. 


this  does  not  mean  that  the  crossover  of  formic  acid  is  negligible, 
and  crossover  is  still  a  significant  issue  limiting  the  performance  of 
DFAFCs. 

Recently,  a  number  of  studies  have  been  performed  to  exam¬ 
ine  and  quantify  the  crossover  behavior  of  formic  acid  in  DFAFCs 
[16,19,33,80].  Rhee  et  al.  [16]  studied  the  permeation  of  formic  acid 
through  Nation®  112  and  Nation  117  membranes  at  room  temper¬ 
ature,  their  results  are  as  summarized  in  Table  4.  Wang  et  al.  [19] 
studied  formic  acid  crossover  through  a  Nation®  115  membrane 
at  different  temperatures  and  formic  acid  concentrations.  Gener¬ 
ally,  the  flux  of  formic  acid  through  a  Nation  membrane  increases 
with  increasing  formic  acid  concentration  and  temperature  [16,19]. 
Rhee  et  al.  [16]  demonstrated  that  the  permeation  of  formic  acid 
is  higher  through  Nation®  112  (50  pun)  than  through  the  thicker 
180  p,m  Nation®  117. 

Jeong  et  al.  [33]  studied  the  crossover  of  formic  acid  in  a  real 
DFAFC  operating  environment  under  various  operating  conditions. 
The  crossover  behavior  of  formic  acid  was  similar  to  that  under 
the  non-fuel  cell  conditions  used  by  Rhee  et  al.  [16]  and  Wang 
et  al.  [19].  As  summarized  in  Fig.  10,  crossover  of  formic  acid 
increases  with  increasing  formic  acid  concentration,  but  decreases 
with  increasing  current  density  as  more  formic  acid  is  consumed  at 
the  anode.  Methanol  crossover  was  found  to  be  ca.  6  times  greater 
than  that  of  formic  acid  under  the  same  cell  operating  conditions, 
when  expressed  in  terms  of  the  crossover  current  (i.e.  the  cur¬ 
rent  required  to  oxidize  the  fuel  reaching  the  cathode)  [33].  When 
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Fig.  10.  Comparison  of  crossover  fluxes  for  methanol  and  formic  acid,  (a)  Crossover 
current  under  load  vs.  cell  current  for  different  concentration  of  MeOH  and  HCOOH; 
(b)  crossover  current  vs.  concentration  of  MeOH  and  HCOOH,  at  OCV.  Reprinted  from 
[33]  with  permission  from  Elsevier. 


5.  DFAFCs  designs 

Direct  formic  acid  fuel  cells  are  generally  considered  as  attrac¬ 
tive  alternatives  to  replace  batteries  in  portable  power  devices. 
For  this  purpose,  most  DFAFCs  are  designed  as  small  portable 
fuel  cells.  In  2004,  Ha  et  al.  [17]  successfully  demonstrated  a 
2  cm  x  2.4  cm  x  1.4  cm  passive  miniature  air  breathing  DFAFC.  This 
cell  operated  very  well  with  a  wide  range  of  formic  acid  concentra¬ 
tions  and  generated  a  current  density  of  up  to  250  mA  cm-2  and 
a  maximum  power  density  of  33mWcm-2.  After  this  first  suc¬ 
cessful  invention,  this  group  also  illustrated  three  different  types 
of  DFAFCs:  (1)  an  active  DFAFC,  (2)  an  active  air  breathing  DFAFC, 
and  (3)  a  passive  air  breathing  DFAFC  [30].  In  the  active  DFAFC, 
the  formic  acid  was  supplied  to  the  anode  by  a  liquid  pump,  and 
the  air  was  supplied  to  the  cathode  by  using  a  compressed  gas 
cylinder.  For  the  air  breathing  DFAFC,  the  cathode  was  exposed  to 
ambient  air  instead  of  using  a  cathode  flow  field.  For  the  passive 
DFAFC,  the  cathode  was  the  same  as  in  the  air  breathing  cell,  and 
the  anode  flow  field  was  replaced  by  a  fuel  reservoir.  In  this  pas¬ 
sive  DFAFC,  formic  acid  was  delivered  from  the  fuel  reservoir  to 
the  anode  catalyst  layer  simply  by  diffusion  and  capillary  action 

[30] 

Yeom  et  al.  [24,31]  developed  a  microscale  silicon-based  direct 
formic  acid  fuel  cell  by  using  an  integrated  microscale  membrane 
electrode  assembly.  In  this  cell  design,  the  Nation  membrane  was 
bonded  between  two  silicon  mesh  electrodes  which  served  as  the 
catalyst  support,  current  collector,  and  structural  elements.  With 
this  cell,  they  demonstrated  two  types  of  DFAFCs  with  different  air 
(or  oxygen)  delivery  modes.  In  a  forced  oxygen  flow  mode,  the  cell 
generated  a  maximum  power  density  of  ca.  30mWcm-2  at  room 
temperature;  a  value  thought  to  be  limited  by  mass  transfer  to  the 
anode.  In  a  air-passive  mode  with  quiescent  air  at  the  cathode, 
the  cell  generated  a  maximum  power  density  of  12.3  mW cm-2, 
now  thought  to  be  limited  by  oxygen  transport  to  the  anode 
[31]. 

As  traditional  low  temperature  fuel  cells,  DFAFC  were  originally 
designed  by  using  Nation  membranes  as  the  electrolyte.  In  2006, 
Chu  et  al.  [25]  reported  that  a  nanoporous  silicon  could  also  be 
used  as  the  proton  conducting  membrane  material  for  membrane 
electrode  assemblies  in  microscale  silicon  fuel  cells,  and  success¬ 
fully  demonstrated  a  silicon  membrane  based  DFAFC.  However,  in 
this  cell,  addition  of  a  small  amount  of  sulfuric  acid  (0.5  M  in  this 
demonstration)  to  the  formic  acid  fuel  was  necessary  to  increase 
proton  conductivity. 

Chen  et  al.  [34]  reported  a  novel  design  for  a  membraneless 
micro-DFAFC  by  employing  a  planar  microchannel.  This  theoretical 
design  is  based  on  the  fundamentals  of  hydrokinetics  and  hydro¬ 
dynamics  of  flowing  liquids:  that  the  two  liquid  streams  can  be 
separated  by  the  nature  of  laminar  flow  within  the  microchannel 
under  small  Reynolds  number.  The  air  (or  oxygen)  at  the  cath¬ 
ode  would  need  to  be  dissolved  in  an  aqueous  solution  (sulfuric 
acid  suggested  in  Chen’s  design)  to  flow  as  a  liquid  stream.  They 
propose  that  the  fuel  (formic  acid)  and  air  (or  oxygen)  liquid 
streams  flowing  in  parallel  through  the  planar  microchannel  can 
be  kept  separate  without  the  need  of  a  membrane  by  controlling 
the  flow  rate  of  the  liquid  streams,  and  the  shape  and  length  of  the 
microchannel  [34]. 
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6.  Conclusions 

This  paper  reviews  recent  advances  in  direct  formic  acid  fuel 
cells,  including  the  fundamental  DFAFC  chemistry,  anodic  catalysts 
for  formic  acid  oxidation,  formic  acid  crossover  through  Nafion® 
membranes,  and  DFAFC  configuration  development. 

The  DFAFC  has  a  high  theoretical  open  circuit  voltage 
(OCV=  1.48  V)  due  to  the  low  standard  potential  of  formic  acid. 
Formic  acid  oxidation  generally  follows  the  so-called  ‘dual  path¬ 
way’  mechanism  involving  both  a  dehydrogenation  process  leading 
to  direct  formation  of  C02  and  a  dehydration  process  forming  a 
‘CO’  intermediate  which  is  further  oxidized  to  the  gaseous  C02  end 
product. 

Platinum-based  and  palladium-based  catalysts  are  commonly 
used  in  DFAFC  development,  with  use  of  Pd  becoming  more  preva¬ 
lent.  A  series  of  Pt-based  bimetallic  systems  including  Pt-Ru,  PtBi, 
PtPd,  PtAu,  PtPb,  Ptlr  have  been  reported  as  effective  catalysts  for 
DFAFCs.  Pd-based  catalysts  generally  have  higher  activity  for  formic 
acid  oxidation,  but  tend  to  become  less  active  with  cell  opera¬ 
tion  time.  Applying  a  high  potential  to  the  anode  can  overcome 
this  drawback  by  regenerating  most  of  the  catalyst’s  original  activ¬ 
ity.  Carbon  supported  palladium-based  catalysts  have  become  an 
important  topic  of  research  in  recent  years.  A  variety  of  synthe¬ 
ses  routes  for  Pd/C  (or  Pd-M/C)  catalysts  have  been  reported,  and 
the  synthesized  catalysts  show  high  palladium  utilization  efficiency 
and  high  catalytic  activity  for  DFAFC  operation. 

Formic  acid  has  good  compatibility  with  Nafion  membranes. 
Crossover  behavior  and  the  recent  quantification  studies  of  formic 
acid  fluxes  through  Nafion  membranes  are  summarized.  These 
results  show  that  the  formic  acid  crossover  flux  is  only  about  a  factor 
of  two  smaller  than  for  methanol.  However,  the  smaller  number  of 
electrons  involved  in  formic  acid  oxidation  (2  vs.  6)  cause  the  effect 
of  formic  acid  crossover  on  the  performance  of  the  cathode  to  be 
much  smaller  than  for  methanol. 

DFAFCs  are  generally  considered  as  attractive  portable  power 
devices,  and  are  designed  as  small  portable  fuel  cells.  Varieties  of 
both  passive  and  active  miniature  DFAFCs  have  been  demonstrated 
and  run  successfully  with  a  wide  range  of  formic  acid  concentra¬ 
tions.  Other  DFAFC  designs  summarized  in  this  paper  include  a 
silicon-based  Nafion®  membrane  miniature  DFAFC,  silicon  mem¬ 
brane  miniature  DFAFC,  and  a  theoretical  membraneless  DFAFC 
design. 

The  demand  for  power  sources  with  superior  performance  has 
increased  as  a  result  of  the  rapid  growth  of  the  portable  electronics 
market.  There  is  great  potential  for  micro-fuel  cells  to  deliver  more 
energy  per  volume  and  weight  than  conventional  batteries.  DFAFCs 
appear  to  be  attractive  candidates  for  meeting  increasing  power 
density  demands.  With  the  advantages  of  high  electromotive  force, 
limited  fuel  crossover,  and  high  practical  power  densities  at  low 
temperature,  DFAFC  are  a  very  promising  power  source  for  the  near 
future. 
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